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Supercritical Carbon Dioxide Extraction of
Cedarwood Oil: a Study of Extraction
Parameters and Oil Characteristics¥
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The extraction of cedarwood oil (CWO) using supercritical carbon dioxide (SC-CO;) has been investigated
with respect to the effects of extraction temperature and pressure, length of extraction, and age of
cedarwood chips. Steam distilled and SC-CO, derived CWOs were compared by gas chromatography and
sensory evaluation. The extraction of CWO increased with extraction temperature, except at the lowest
pressure utilised. The highest percentage contribution of thujopsene to the SC-CO, derived CWO occurred
with the combination of 1500 psi and 70°C or 100°C. Essentially all of the CWO was extracted from the
wood matrix in the first 10 min, however, complete extraction of water required ca. 25 min. The amount of
CWO extracted decreased with increasing age of the cedarwood chips. This decrease was greatest for the
more volatile hydrocarbon components, thujopsene and cedrene. The mean weight percentage yields of
CWO for steam distillation and SC-CO, extraction were 1.3 and 4.4%, respectively. An experienced
analytical sensory panel selected the SC-CO, derived CWO as being more similar to the original cedarwood
chips than the steam distilled CWO. Volatile collections performed on SC-CO; extracted, steam distilled
and unextracted cedarwood chips indicated that the SC-CO, extracted chips released almost no volatiles,
whereas the unextracted chips released a higher amount of volatiles. The steam distilled cedarwood chips

released an intermediate level of volatiles. Copyright © 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

Cedarwood oil (CWQ; CAS no. 8000-27-9) is obtained
by steam distillation in the USA from Juniperus
virginiana L., (Cupressaceae, Virginia CWO) and J.
ashei Buch. (Texas CWO; Adams, 1987). However,
steam distillation has several limitations (Tim Cannon,
Cross Timbers Forestry, personal communication) in that
it removes only about 50% of the oil from the wood, and
the high temperature of the steam and the presence of
oxygen causes decomposition of some of the oil
components, producing oil having an off odour.

The potential benefits of supercritical fluid extraction
(SFE) over steam distillation for obtaining essential oils
have been described (Moyler et al, 1992). The low
viscosity and high diffusivity of supercritical carbon
dioxide (SC-CO,) can result in higher extraction
efficiencies, and SC-CO, is easily removed from the
extract when the mixture is depressurised, leaving an
extract uncontaminated by any solvent residue. In
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addition, extractions performed using SC-CO, can avoid
the elevated temperatures used in steam distillations, and
SC-CO, protects the substrate from oxygen, resulting in
fewer decomposition products and a higher quality oil
(Pickett er al., 1975).

Although Hawthorne et al. (1988) coupled SFE with
GC and MS to extract and identify cedrene and cedrol in
CWO, the use of SFE for CWO extraction has otherwise
not been investigated. The purpose of this study was to
investigate the use of SC-CO, for the extraction of CWO,
including an investigation of pertinent extraction par-
ameters, as well as an analysis of the characteristics of the
extracted oils, including a comparison with steam
distilled CWO.

EXPERIMENTAL

Source of cedarwood chips. Cedarwood chips used in
this study were prepared from a kiln-dried cedar board
purchased from a local lumber mill. A power wood
planer was used to produce the chips which were
immediately packaged in zipper-lock plastic bags, then
wrapped in aluminium foil and stored at —70°C until
required for extraction experiments.

Removal of co-extracted water from CWO extracts. In
order to remove water which is invariably co-extracted
with the CWO, ca. 0.5 g of anhydrous sodium sulphate,
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Table 1. SFE of cedarwood: effects of temperature and pressure on yield and oil composition

Mean weight percentage collected

Qil composition (%)

Temperature (°C) Pressure (psi) CO; Density (g/mL) Total
40 1500 0.66 5.1
2750 0.84 6.3

4000 0.91 6.4

6000 0.97 6.3

8000 1.02 6.4

10000 1.05 6.2

70 1500 0.27 4.5
2750 0.63 8.4

4000 0.77 8.3

6000 0.87 8.9

8000 0.93 8.8

10000 0.97 7.5

100 1500 0.20 6.9
2750 0.44 10.3

4000 0.63 10.3

6000 0.77 10.4

8000 0.85 10.2

10000 0.89 9.8

CWOo Thujopsene Cedro}
3.0 16.2 42.3
39 16.6 42.2
3.7 16.0 41.2
3.6 16.1 41.3
3.6 15.6 40.0
3.5 16.2 41.4
1.0 18.7 36.6
4.1 15.1 41.4
4.3 16.1 40.6
4.3 16.1 40.0
4.3 16.0 39.9
4.0 15.9 40.5
1.0 20.4 35.3
4.2 14.8 41.8
4.4 16.0 39.6
4.6 16.0 40.3
4.4 15.5 39.8
4.3 15.7 40.7

I mL of water saturated with sodium sulphate and 2 mL
diethyl ether were added to the SFE collection vial and
mixed thoroughly. The ether layer containing the CWO
was removed and transferred to a weighed vial. The
collection vial was re-extracted twice with 2 mL diethyl
ether and the combined ether extracts were concentrated
under a gentle stream of nitrogen until there was no
detectable weight loss with further drying. The weight of
the CWO was then determined and the percentage CWO
extracted was calculated based on the original sample
weight.

Chemical analyses. Solutions of CWO in hexane (ca.
200 ng/pL) were analysed by GC to determine the
percentage contribution of individual components (Cole-
man and Lawrence, 1997). CWO extracts were analysed
by 0.5 min split-delay splitless injection onto a Hewlett-
Packard (HP; Santa Clarita, CA, USA) 5890 Series II GC
equipped with a flame jonisation detector and an SP-2380
column (60 m x 0.25 mm i.d.; 0.20 pm film thickness;
Supelco, Beliefonte, PA, USA) using helium as the
carrier gas at a linear flow velocity of 18 cm/s. The
temperature program was 60°C for 1 min, rising by 5°C/
min to 250°C. The injector and detector temperatures
were 235 and 250°C, respectively. Injections were made
using an HP model 7683 auto-injector and sample
volumes were 1 pl. The chromatographic data were
acquired using an HP Vectra VL2 computer and
ChemStation software.

Electron impact MS were obtained using an HP model
5971 mass selective detector using an ionisation potential
of 70 eV. Sample introduction was through an HP 5890
GC with a Supelco SP-2340 column operating under the
conditions described above.

Effect of SC-CO, pressure and temperature on CWO
extraction. SFE was conducted with an ISCO Model
3560 SFE (ISCO Corporation, Lincoln, NE, USA). The
sample (ca. 2.4 g) was weighed to the nearest 0.0001 g
and added to the extraction cell between glass-fibre filter
disks (18 mm dia.) on the top and bottom of the cell.
Eighteen extraction conditions were evaluated, consist-
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ing of all combinations of three extraction temperatures
(40, 70 and 100°C) and six extraction pressures (1500,
2750, 4000, 6000, 8000 and 100000 psi); (Table 1). The
extraction sequence was 1 min static extraction followed
by a 25 min dynamic extraction using SFE/SFC-grade
CO, (Air Products and Chemicals, Allentown, PA, USA)
at 2 ml/min. The variable restrictor was heated to 80°C
and extracts were collected in 20 mL pre-cooled (0°C)
and pressurised vials. Each extraction condition was
replicated twice.

Effect of length of extraction. Twelve extraction times,
varying from 5 to 60 min in 5 min increments, were
compared: the extraction temperature was 100°C, the
pressure was 4000 psi, and the restrictor was 100°C. The
cedarwood chips were weighed after extraction by SC-
CO, to determine the weight loss through extraction. The
cells were allowed to cool to room temperature for ca. 1 h
to allow the dissipation of CO, from the chips. Each
extraction time was replicated twice.

Effect of age of cedarwood chips. This experiment was
designed to test the hypothesis that the more volatile
components of CWO were lost between chipping and
extraction. Approximately 20g of freshly prepared
cedarwood chips were separated from a large batch and
ca. 5 g were immediately isolated and sealed in zipper-
lock plastic bags, enclosed in aluminium foil and stored
at —70°C. The remaining chips were placed in a 190 mm
dia. x 100 mm deep Pyrex® dish and placed on a bench
in the laboratory at ambient temperature to age. Samples
(5 g) were removed from the Pyrex dish, packaged and
stored at —70°C after 1, 2 and 3 weeks on the lab bench.
Sub-samples (2 g) from each of the four treatments (i.e.
0-, 1-, 2- and 3-week-old chips) were extracted (100°C;
4000 psi; 1 min static followed by 25min dynamic
extraction) and analysed using the conditions described
above. Two replicate samples of each age of chip were
extracted and analysed.

Comparison to steam distilled CWQ. The cedarwood
chips were also extracted by steam distillation to compare
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the two extraction methods for efficiency as well as the
chemical characteristics of the resultant oils. For this
comparison, a somewhat larger scale SFE was performed
using a Spe-ed SFE unit (Applied Separations, Allen-
town, PA, USA). Cedarwood chips (ca. 12g) were
weighed and placed in a 50 ml extraction cell and
extracted with SC-CO, using a 10min static hold
followed by a 60 min dynamic extraction at 1 L/min
(expanded gas) flow. The extraction and restrictor
temperatures were both 100°C and the extraction
pressure was 4000 psi. For this experiment, pentane
was used to extract/separate the CWO from the water in
the collection vial.

Steam distillation was performed using an improved
version of a modified Nielsen—Kryger steam distillation
apparatus (Ace Glass, Vineland, NJ, USA) employing the
method described by Veith and Kiwus (1977). Here,
cedarwood chips (ca. 25 g) were placed in 500 mL round-
bottomed flask with 200 mL deionised water; pentane
(10 mL) was added to the condenser to trap distilled
CWO and the condenser was cooled to 10°C. The flask
was heated to provide gentle boiling and the distillation
was carried out for ca. 2 h: the condenser was then rinsed
with deionised water and the pentane containing the
CWO removed. The condenser was rinsed twice with
5 mL pentane and the combined pentane extracts were
concentrated under a gentle stream of nitrogen. There
were three replications of each extraction method.

The SC-CO, derived and steam distilled CWOs were
analysed by GC. In addition, the odours of the two CWOs
were compared for similarity to the original cedarwood
chips. A 10 member experienced analytical sensory panel
evaluated the odours of the CWO samples in comparison
with that of the original cedarwood chips. In a paired
comparison test, panellists were given 1 g of cedar chips
in a closed 250 mL wide-mouth jar identified as the cedar
control. They were then given the extracts (0.2 g on filter
paper in closed 250 mL wide-mouth jars) in randomised
order and asked to select the one that was closest to the
odour of the control. The complete test was repeated
twice. The number selecting the SC-CO, extract was
compared to the null hypothesis of no preference for
either extract using a z-test.

Collection of volatiles from chips. The cedarwood chips
extracted with SC-CO, had almost no detectable odour,
while the steam distilled cedarwood chips retained much
of the original cedar odour. Therefore, volatile collec-
tions were performed on SC-CO, extracted chips, steam
distilied chips, as well as unextracted cedarwood chips to
quantify the effectiveness of SFE and steam distillation
for removal of CWO from cedarwood chips. Using the
volatile collection system described by Eller et al. (1994),
CWO volatiles were trapped on Super Q polymeric
adsorbent (Alltech Associates, Deerfield, IL, USA).
Approximately 0.5 g of unextracted and SC-CO, ex-
tracted chips were placed in the sample tubes, while ca.
0.7g of the wet steam distilled chips were used
(equivalent to ca. 0.5 g dry chips). The cedarwood chips
were placed in the centre of the sample tube and
collections were made on four consecutive days. Trapped
volatiles were extracted from the Super Q adsorbent with
500 uL of hexane. An aliquot (10 pL) of a 25.0 pg/uL
solution of docosane (C,,) was added to the extract as an
internal standard to quantify the amount of collected
volatiles. The extracts were subsequently analysed by
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GC, and the weights of the individual components, as
well as the total collected volatiles, were calculated on
the basis of their peak integrations relative to the 250 pg
docosane internal standard added. Release rates were
normalised to ug/h g dry weight of sample.

Chemical standards. A commercial sample of CWO
was purchased from Aldrich (Milwaukee, WI, USA):
(—)-a-cedrene (CAS no. 469-61-4), (4)-B-cedrene (CAS
no. 546-28-1), (—)-thujopsene (CAS no. 470-40-6), (+)-
cuparene (CAS no. 16982-00-6), and (+)-cedrol (CAS
no. 77-53-2) were purchased from Fluka (Milwaukee,
WI, USA).

RESULTS AND DISCUSSION

Effect of pressure and temperature

The total amount of material collected increased with
higher extraction temperatures and, to a lesser degree,
with higher extraction pressures (Table 1). With the
exception of the combination of 1500 psi and 70 or
100°C, the amount of CWO also increased with
temperature: with the combination specified, however,
very low yields of CWO were obtained, presumably as a
result of the very low density of CO, under these
conditions (0.27 and 0.20 g/mL, respectively). Reverchon
et al. (1995a) noted that, because sesquiterpene hydro-
carbons and oxygenated sesquiterpenes are readily
soluble in SC-CO,, high densities are not required for
their extraction. Qur results support this conclusion in
that some of the highest yields were not obtained at
the highest densities. For example, the combination of
100°C and 2750 psi (density of 0.44 g/mlL) gave a
relatively high CWO yield of 4.2%.

The amount of CWO reported to be present in J.
virginiana varies widely from 0.97-1.41% (Guenther,
1948), 2% (Hayward and Seymour, 1948), 3.2% (Adams,
1987) to 3.5% (Runeberg, 1960). In our extraction
temperature/pressure experiments, the highest yield
observed was 4.6% (higher than any of the previous
reports), suggesting that SC-CO, is a very effective
method for the extraction of CWO from cedarwood
chips.

Although CWO 1s a mixture of over 30 compounds, six
components account for ca. 80% of CWO (Heide et al.,
1988; Adams, 1991). These major components and their
percentage contributions to CWO are: «a-cedrene
(27.2%), B-cedrene (7.7%), thujopsene (27.6%), cupar-
ene (6.3%), cedrol (15.8%), and widdrol (1.0%) (Adams,
1987). All of these components were found in SC-CO,
extracts and, with the exception of widdrol (CAS no.
6892-80-4), were identified by matching the GC retention
times of standards as well as by GC-MS. Widdrol was
identified by GC-MS library match only. The component
ratios for the SC-CO, extracts (Table 1) differed slightly
from previous reports, but this may be due to the fact that
the cedarwood chips used in the present work came from
a kiln-dried board from which some of the more volatile
compounds had been lost.

Although it was hoped the various temperature/
pressure combinations would yield CWOs with very
different component ratios allowing for a simple enrich-
ment of the most valuable components, only moderate
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Figure 1. Characteristic gas chromatograms of {A) commer-
cial steam distilled, (B) laboratory steam distilled, and (C) SC-
CO, extracted cedarwood oils. (For chromatographic proto-
col see the Experimental section.)

differences were observed. However, it may be possible
to deterpenate (i.e. remove non-odorous compounds
from) CWO using SFE in combination with silica, as
has been described for sweet orange and lemon essential
oils (Dugo et al., 1995).

Effect of length of extraction

The length of extraction had little effect on CWO
composition; the content of thujopsene varied from a
minimum of 15.2% to a maximum of 16.2%, whilst that
of cedrol varied only from 40.9% to 42.2%. The total
percentage extracted increased from ca. 6.8% at 5 min to
ca. 11% at 25 min where the amount extracted levelled
off. Similarly, the total percentage collected increased
from ca. 5.6% at 5 min to ca. 10% at 25 min where the
amount collected levelled off. The difference in the

Copyright © 2000 John Wiley & Sons, Ltd.
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Figure 2. Gas chromatograms of volatile collections of (A)
unextracted, (B) steam distilled, and (C) SC-CO,-extracted
cedarwood chips. Key to peak identity: 1, o-cedrene; 2, §-
cedrene; 3, thujopsene; 4, cuparene; 5, cedrol; 6, widdrol; IS,
internal standard (Cy,; 250 ug). (For chromatographic proto-
col see the Experimental section.)

amount extracted and that collected represents material
lost during the collection. Subsequent experimentation
indicated that cooling the restrictor temperature from the
100°C used in these experiments to 80°C significantly
increased the amount of total material collected, as well
as increasing slightly the amount of CWO from 4.0 to
4.2%. Interestingly, the amount of CWO collected did not
vary greatly with length of extraction; there was a slight
increase in CWO yield from ca. 3.7% at 5 min to ca. 4%
at 10 min, where CWO yield levelled off. Apparently, the
complete extraction of water requires 25 min. Although
the co-extraction of water with CWO by SC-CO,
precludes the direct gravimetric determination of CWO
yield, the effective removal of water from cedarwood by

Phytochem. Anal. 11: 226-231 (2000)
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Table 2. Gas chromatographic analyses of daily volatile collections of cedarwood chips: SC-CO, extracted, steam distilied,

and unextracted chips

Composition of volatiles (%}

Chip sample analysed Collection day Release Rate {(ug/h g) Thujopsene Cedrol
SC-CO, extracted 1 7.5 39.4 4.5
2 2.0 215 15.2
3 1.4 13.7 24.3
4 0.4 nd? 52.5
Steam distilled 1 124.9 25.3 4.7
2 84.0 20.7 15.5
3 22.1 4.8 54.0
4 11.6 2.7 59.0
Unextracted 1 530.9 39.0 4.1
2 504.0 33.2 9.2
3 186.9 17.6 26.7
4 74.6 4.8 49.4

2 nd = none detected.

SC-CO, suggests that SC-CO, may have some utility for
water content determination. Water content is very
important to wood processors; however, simple oven
drying of cedarwood lacks a means for compensating for
the accompanying loss of volatile oils (Payne et al., 1998;
Smith, 1992). Currently, water content in eastern red
cedar is determined by using a large amount of toluene
(i.e. 200 mL) for the co-distillation of water with volatile
oils (American Society for Testing Materials, 1992). SC-
CO, extraction could be an alternative to the toluene
distillation method for determining both CWO and water
content of cedarwood, thereby avoiding the use of
hazardous toluene.

Effect of age of cedarwood chips

Unexpectedly, the weight of the total collected material
increased with the age of the chips. The total percentages
collected for chips aged O, 1, 2 or 3 weeks were 5.9%,
6.0%, 6.5% and 7.5%, respectively. However, the yield
of dry CWO decreased with increased chip age (i.e. 2.6%,
2.0%, 1.9% and 1.7%, respectively). The increase in total
collected material with chip age is a result of the
cedarwood chips water being adsorbed from the air and
subsequently being co-extracted with the CWO. The
relative percentage of thujopsene decreased (i.e. 16.7%,
10.0%, 3.6%, 1.4%, respectively) as chip age increased,
while that of cedrol increased (i.e. 38.6%, 55.8%, 70.0%
and 74.9%, respectively). This indicates that the more
volatile hydrocarbons, such as thujopsene and cedrene,
are lost more quickly from the chips than the alcohol,
cedrol. This suggests that chips should be extracted as
soon as possible after chipping to prevent the loss of the
volatile components.

Comparison to steam distilled CWO

The SC-CO, extracts were slightly darker in colour than
those obtained from the steam distillation probably
because the SC-CO, extracted some higher molecular
weight compounds not co-distilled with water (Moyler,
1984). The mean percentage yields of CWO for steam
distillation and SC-CQO, extraction were 1.3% and 4.4%,
respectively. Although our steam distillation apparatus
may not adequately represent the efficiency of commer-
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cial distillation methods, the 4.4% SC-CO, CWO yield
was higher than any yields previously reported for steam
distillation methods. Therefore, we conclude that SC-
CO, is at least as efficient, if not more so, than steam
distillation for extraction of CWO from cedarwood chips.

In our test of the sensory attributes of the steam
distilled and SC-CO, cedarwood oils, the panel members
selected the SC-CO, CWO as being more similar in
odour to the original cedarwood chips in 16 of 18
judgements, which is statistically significant (p < 0.05).
SC-CO, extracts are often characterised as typical of or
having greater resemblance to the raw material when
compared with steam distilled material (Gopalakrisha-
nian et al., 1990; Sinha er al., 1992; Reverchon and
Senatore, 1992; Reverchon et al., 1995b). This finding is
further confirmation that SFE avoids the degradation of
labile compounds and the hydrosolubilisation of some
compounds (Reverchon, 1997).

The gas chromatograms of the two laboratory
produced CWOs (SC-CO, and steam distilled) are
virtually identical and both are very similar to the
commercial steam distilled CWO (Fig. 1). Heide et al.
(1988) identified 37 compounds in CWO and reported
that the compounds responsible for the characteristic
cedar aroma constituted only ca. 0.2% of the oil. The
most abundant components of CWO (i.e. cedrene,
thujopsene and cedrol) have only very weak odours,
without the specific cedar aroma (Heide et al., 1988).
Therefore, it is unlikely that there would be any obvious
differences between the chromatograms of SFE and
steam distilled CWOs, even though the two types of
CWO differ significantly in their characteristic odours.

Collection of volatiles from chips

The GC chromatograms of the volatile collections after
day 1 for the unextracted, steam distilled and SC-CO,
extracted cedarwood chips are shown in Fig. 2. The
chromatograms indicate that the SC-CO, extracted chips
release almost no volatiles, while the unextracted chips
release high amounts of CWO volatiles. The steam
distilled cedarwood chips are intermediate in their release
of CWO volatiles, presumably due to the incomplete
extraction of CWO by steam distillation. The release rate
data for the three different chips are shown in Table 2.
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The unextracted chips were nearly two orders of
magnitude higher in their release of total volatiles than
the SC-CO, extracted chips and ca. four times higher
than the steam distilled chips. These results clearly
demonstrate that SC-CO, is very effective at extracting
CWO from cedarwood chips. For all three types of chips,
the release rates of total volatiles decreased as the
collection experiment proceeded, as did the relative
amount of thujopsene, while the relative amount of cedrol
increased. It interesting to note that the SC-CO, extract
from chips aged 0 weeks contained 16.7% thujopsene,
while the volatiles collected on day 1 from unextracted
chips contained 39.0% thujopsene. Cedrol, on the other
hand, constituted 38.6% of the SC-CQO, extract from
chips aged 0 weeks, but only 4.1% of the volatiles
collected on day 1. The results of both experiments

indicate that the hydrocarbon, thujopsene, is more
volatile and lost more quickly than the alcohol, cedrol.

Acknowledgements

The authors wish to thank the ISCO Corporation for their generous
loan of the model 3560 SFE system used in this experiment; Clarence
Koch (National Center for Agricultural Utilization Research, Peoria,
IL, USA; NCAUR) for preparing the cedarwood chips; Gueric
Bouchard (Texarome, Leaky, TX, USA) for supplying samples of
Texas and Virginia CWOs; Tim Cannon (Cross Timbers Forestry,
Tecumseh, OK, USA) and Neils Manness (Oklahoma State University,
Stillwater, OK, USA) for providing cedarwood samples and helpful
discussions. We also wish to thank Kathleen Warner and Linda Parrot
(NCAUR) for conducting the sensory evaluations of the CWOs, and
Gilman Veith (US EPA, Research Triangle Park, NC, USA) for helpful
discussions of the steam distillation procedure.

REFERENCES

Adams RP. 1987. Investigation of Juniperus species of the
United States for new sources of cedarwood oil. Econ Bot
41: 48-54.

Adams RP. 1991. Cedarwood oil: analyses and properties.
Mod Meth Plant Anal 12: 159-173.

American Society for Testing Materials. 1992. Standard test
methods for direct moisture content of wood and wood-
based materials. ASTM Standard D4442-32. ASTM, West
Conshohocken.

Coleman WM, Lawrence BM. 1997. A comparison of selected
analytical approaches to the analysis of an essential oil.
Flav Frag J 12: 1-8.

Dugo P, Mondello L, Bartle KD, Clifford AA, Breen GPA. 1995.
Deterpenation of sweet orange and lemon essential oils
with supercritical carbon dioxide using silica gel as an
adsorbent. Flav Frag J 10: 51-58.

Eller FJ, Barielt RJ, Shasha BS, Schuster DJ, Riley DG,
Stansly PA, Mueller TF, Shuler KD, Johnson B, Davis JH,
Sutherland CA. 1994. Aggregation pheromone for the
pepper weevil, Anthonomus eugenii Cano. (Coleoptera:
Curculionidae): identification and field activity. J Chem
Ecol 20: 1537-1555.

Gopalalkrishnan N, Shanti PP, Narayanan CS. 1990. Compo-
sition of clove (Syzygium aromaticum) bud oil extracted
using carbon dioxide. J Sci Food Agric 50: 111-117.

Guenther E. 1948. The Essential Oils. Van Nostrand Reinhold,
New York.

Hawthorne SB, Krieger MS, Miller DJ. 1988. Analysis of
flavour and fragrance compounds using supercritical
fluid extraction coupled with gas chromatography. Ana/
Chem 60: 472-477.

Hayward FW, Seymour RB. 1948. Determination of major
constituents of cedar oil vapour in cedar chests. Anal
Chem 20: 572-574.

Heide R, Visser J, van der Linde LM, Lier FP van. 1988. On the
chemical composition of cedarwood oil (Juniperus
virginiana L.). In Proceedings of the 10th International
Congress on the Essential Qils, Flavors and Fragrances
Washington, 1986. Lawrence BM, Mookherjee BD, Willis

Copyright © 2000 John Wiley & Sons, Ltd.

BJ (eds). pp. 627-637. Eisevier Science Publishers:
Amsterdam.

Moyler DA. 1984. Carbon dioxide extracted ingredients for
fragrances. Perf Flav 9: 109-114.

Moyler DA, Browning RM, Stephens MA. 1992. Ten years of
CO, extracted oils. In Proceedings of the 12th Interna-
tional Congress on Essential Oils, Flavors and Fra-
grances, Vienna, October 1992. Woidrich H, Buchbauer
G (eds). pp. 52-100. Allured Publishing Corp: Wheaton.

Payne KW, Wittwer R, Anderson S, Eisenbraun EJ. 1998. Use
of a modified Abderhalden apparatus to determine
moisture and oil content of eastern red cedar. Forest
Prod J 48: 91-93.

Pickett JA, Coates J, Sharpe FR. 1975. Distortion of essential
oil composition during isolation by steam distillation.
Chem Indust5: 571-572.

Reverchon E. 1997. Supercritical fluid extraction and fractio-
nation of essential oils and related products. J Supercrit
Fluids 10: 1-37.

Reverchon E, Senatore F. 1992. Isolation of rosemary oil:
comparison between hydrodistillation and supercritical
CO, extraction. Flav Fragr J 7: 227-230.

Reverchon E, Della Porta G, Taddeo R. 1995a. Extraction of
sage oil by supercritical CO,: influence of process
parameters. J Supercrit Fluids 8: 302-309.

Reverchon E, Della Porta G, Senatore F. 1995b. Supercritical
CO, extraction and fractionation of lavender essential oil
and waxes. J Agric Food Chem 43: 1654-1658.

Runeberg J. 1960. The chemistry of the order Cupressales.
28. Constituents of Juniperus virginiana L. Acta Chem
Scand 14: 1288-1294.

Sinha NK, Guyer DE, Gage DA, Lira CT. 1992. Supercritical
carbon dioxide extraction of onion flavours and their
analysis by gas chromatography-mass spectrometry. J
Agric Food Chem 40: 842-845.

Smith WB. 1992. Determining moisture content in eastern red
cedar. Forest Prod J 42: 67-69.

Veith GD, Kiwus LM. 1977. An exhaustive steam distillation
and solvent-extraction unit for pesticides and industrial
chemicals. Bull Environ Contam Toxicol 17: 631-636.

Phytochem. Anal. 11: 226-231 (2000)



